Abstract Janus emulsions, formed by mixing two oil components (i.e., olive oil (OO) and silicone oil (SiO)) with water in the presence of two surface active biopolymers, i.e., gelatin and chitosan, are investigated in more detail. The stability of Janus droplets formed strongly depends on the polymer components used. The mixture of both biopolymers represents an extraordinary effect which can be related to the complex formation of gelatin and chitosan. Taken into account that under the given pH conditions, in the acidic pH range between 4 and 6, below the isoelectric point of gelatin, both polymers are polycations, one can conclude that non-Coulombic interactions are of relevance for the enhanced surface activity of the complexes. Dynamic interfacial tension (γ) measurements by using the drop profile analysis tensiometry (PAT) indicate a strong adsorption of the polymer complexes at the olive oil/ water interface in contrast to the silicone/water interface. In a first step, the polymer complexes are adsorbed at the interface, and in a second step, a more rigid skin-like polymer layer is formed. This first example of a polymer-stabilized Janus emulsion opens new perspectives for the application, e.g., in food emulsions or for making scaffold materials.
Introduction
The name Janus is related to the Roman mythology. Janus is a two-faced god, and Janus particles consist of two parts with regard to their characteristic features, e.g., charge, hydrophobicity, optical, or magnetic properties. Due to the anisotropy of the particles, they are able to aggregate into more ordered hierarchical structures, and self-assembled smart materials may be formed [1, 2] . Different approaches have been developed to build Janus particles, e.g., with stimuli-responsive to temperature or pH [3] . In that case stimuli-responsive polymers are side-selective immobilized on the surface of colloidal particles, e.g., silica particles [4] . Due to the presence of two surface regions of different wettabilities, Janus particles can adsorb at different liquid-liquid interfaces [5, 6] .
Recently, another type of two-faced colloids was introduced based on the flow of two immiscible liquids [7] or by mixing three non-mixable liquids, i.e., two oil components with water in the presence of non-ionic surfactants [8, 9] . The resulting Janus emulsions can be classified into partially and completely engulfed Janus droplets; the latter usually go under the name of double emulsions and has been extensively investigated [10, 11] . Janus emulsions were first prepared under extremely mild microfluidic conditions (energetically at the lowest level) [12] or by a one-step high-energy mixing of the liquids with a minishaker [8, 9] or under more drastic mixing conditions [13] .
Neeson et al. have discussed that various geometric forms of the drops can be observed by depositing an initial sessile droplet on the substrate using glass syringes Electronic supplementary material The online version of this article (doi:10.1007/s00396-016-3828-4) contains supplementary material, which is available to authorized users. and then adding another drop. The geometries of the resulting drops are broadly controlled by relative interfacial energies, van der Waals forces, and effects of microgravity [14] . Microfluidic droplet-on-demand systems allow the construction of droplets of different morphologies, demonstrated by Guzowsky et al. [12] . Theoretical calculations based on the interfacial tension at three interfaces allow the marking of the regions of three possible equilibrium topologies: (i) complete engulfing, (ii) nonengulfing, and (iii) partial engulfing. The predictions are in excellent agreement with the microfluidic experiments.
A good correlation between the droplet topology and interfacial tension equilibrium was observed where Janus emulsions formed in a one-step high-energy mixing process by using a Mini Vortexer [15] . Ge at al. obtained similar results by increasing the stirring rate during the emulsification, but significant smaller droplet sizes on the nanometer scale are formed [13] . Further experiments clearly demonstrate that the droplet size decreases drastically by adding phospholipids to the olive oil, silicone oil, and water system in presence of the non-ionic surfactant Tween 80 [16] , and the real γ values are in agreement with the predicted ones, numerically evaluated earlier [17] , with γ < 1 mN/m at the oil/oil interface and γ < 5 mN/m at the oil/water interface. This study also underlines the excellent properties of Tween 80, especially in combination with phospholipids.
However, the application of Tween 80 as emulsifier is limited. Especially in biomedical applications or in the food industry, biocompatible polymers are applied to decrease the interfacial tension and to stabilize the emulsion droplets. By using charged polymers, so called polyelectrolytes, the electrostatic stabilization effect is accompanied by a steric stabilization effect [18] . Therefore, especially charged, biocompatible polysaccharides, like chitosan, as well as proteins are of relevance. It is well known that both components can fulfill the role of an emulsifier in food emulsions. Recently, a review about the role of chitosan in emulsion formation and stabilization was published by Klinkesorn [19] . It was carried out that chitosan alone is a good emulsifier depending on the degree of deacetylation, but extraordinary effects can be observed by adding chitosan to proteincoated droplets [20, 21] . Chitosan and gelatin can form complexes, which are of special relevance with regard to the formation of nano-porous calcium phosphate balls [22] .
Taking this knowledge into account, the aim of our research was to substitute Tween 80 by the biopolymers chitosan and gelatin to build up Janus emulsions. For a more comprehensive characterization, interfacial tension measurements were performed by using the Ring method and the drop profile analysis tensiometry. To the best of our knowledge, this is the first example of polymer-stabilized Janus emulsions.
Experimental Materials
Silicone oil (SiO) of low viscosity (10 mPa·s) was obtained from Sigma-Aldrich. Olive oil (OO) was purchased from Sigma-Aldrich®. Water was purified with a Milli-Q system (Millipore®). The low molecular weight chitosan with a degree of deacetylation of 81.2 % and a moisture content ≤12 wt% was obtained from Sigma-Aldrich® and used without further treatment. Gelatin powder (Type A, Bloom number 140) with a moisture content ≤11 wt% was purchased from Carl Roth®. Moisture content was determined with a moisture analyzer (Sartorius® MA 30), by heating up the polymer samples to 100°C and observing a constant mass loss.
Preparation of Janus emulsions
Chitosan as well as gelatin powder were suspended in 0.1 mol acetic acid, and the resulting chitosan solutions varying in the polymer concentration between 1 and 4 wt% were stirred overnight. Gelatin-chitosan (GC) composite solutions were obtained by mixing the two polymer stock solutions in a 1:1 ratio and stirring for 3 days at room temperature.
The emulsifications with the oil components were made in one-step in a 10-ml glass tube by mixing with Minishaker IKA (Roth®) at 2500 rpm. Each mixture consists of 0.15 g silicone oil, 0.15 g olive oil, and 0.7 g of the aqueous polymer solution.
Methods

Light microscopy
Morphological analyses were done by using light microscopy (Leica® DMLB with a Lecia® DFC 295 live camera). A drop of the emulsion was placed on a Roth® microscopic slide (76 × 26 mm) overlaid with a Roth® micro cover glass (20 × 20 mm). The microscopic images were captured at magnifications 10 and 20. The effect of shear on a microscope image was investigated in more detail by Hasinovic et al. [23] . In a first experiment, the slide and cover glass were separated by two spacers with a thickness of 0.13-0.17 mm; in a second experiment, one spacer was removed, and in a third experiment, both spacers were removed. The results have shown that such kind of optical microscopy images of emulsions between a cover glass and a planar microscope slide present a realistic picture of the drop topology in bulk emulsions [23] . In the given system used here, the drop size is drastically reduced in comparison to surfactant-based Janus emulsions. These small droplets can be captured in the bulk without having contact with the glass surface.
Interfacial tension analyses
Ring method Interfacial tension (γ) measurements between two immiscible liquids were examined with a Krüss® digital tensiometer K10TS using low vessel speed.
The bottom phase (e.g., 30 ml of the aqueous phase) was taken into a glass pot. The platinum ring was cleaned in butane/propane flame and placed on the lower surface. Then, the top phase of lower density (e.g., 15 ml of the oil phase) was placed on top of the bottom phase. The sample was prepared at room temperature, i.e., 25°C, and allowed to stay in the pot for 5 min, before the ring lifted up, in agreement with the experimental setup used in former experiments [16] . If we wait too long, the polymer solution is wetting the ring, and the ring sinks. The γ values were read off directly from the apparatus in millinewton per meter. Noteworthy, the error range is still one order higher in comparison to the surfactant-based Janus emulsions [16] .
Spinning drop method To determine the interfacial tension between the two oil phases, a Dataphysics® SVT 20N Spinning Drop Tensiometer (SDT) was used (software SVT 20 IFT). To deliver γ, the density difference between the two oil phases has to be determined before. Density and refractive index data were obtained at 25°C by using Anton Paar® DMA 4500 density meter combined with an Abbemat® RXA170 refractometer. We measured the refractive index and the densities five times for every concentration, and the average value with five digits is given. It has to be stated here that for spinning drop and PAT experiments, only four digits are required. The density difference also helps to find the best rotational speed; typically, it is between 3000 and 6000 rpm. In our case, the drop is ellipsoidal and will not slip out of the frame. Therefore, the program for ellipsoid drops was used.
At first, the capillary was bubble-free filled with the denser liquid (silicone oil). Then, the capillary (inner diameter 4 mm) was closed and inserted into the SDT. After this, the inner phase with a lower density (olive oil) was injected with a 1-ml syringe with a long needle (0.6 × 80 mm). The capillary was rotated (200 rpm) during the injection to prevent the contact between the drop (inner phase) and the capillary wall. With the proper rotational speed, the drop was immobilized, a video was recorded and γ was calculated according to ref. [24] .
Drop profile analysis tensiometry Dynamic interfacial tension measurements were performed using Profile Analysis Tensiometer PAT1M (SINTERFACE® Technologies, Germany) in pendant drop mode, over longer time periods, specified described by Miller et al. in ref. [25] .
The oil phase (olive or silicone oil) was placed in a quartz cuvette after a hollow needle is submerged in an oil phase and a pendant aqueous GC drop was formed at the end of the needle. The plotted interfacial tension data of the olive oil/ GC system was reached after 9000 s and in case of the silicone oil/GC system after 6000 s. One can assume that these values are not the equilibrium γ, but after this time at higher concentrations, skin-like layers are formed between the phases, as already discussed by other authors [26] . A critical transition takes place at the drop surface by turning from a monolayer to a multilayer film.
The drop volume of the aqueous GC mixture was decreased with increasing GC concentration of the mixture. Measurements were performed with a 20 mm 3 volume drop, when the concentration of GC is between 0.05 and 0.5 wt%. In further experiments at higher GC concentrations (1-3 wt%), a 8 mm 3 drop was used. Pictures were captured with a standard CMSO camera, interfacial tension of the drop is analyzed with advanced drop shape analysis software (Laplace equation).
Furthermore, the dilational viscoelasticity of the olive oil/GC mixture was investigated. Single-frequency oscillation (0.01 Hz) was performed over 12,000 s, and the relaxation time was 500 s. The amplitude is 1.5 mm 3 , this means that the 8 mm 3 drop expanded to 9.5 and compressed to 6.5 mm 3 . This method also requires the knowledge of the densities. The density of polymer mixtures in different concentrations was obtained by Anton Paar® DMA 4500, summarized in the supplementary part (compare Fig. S1 ).
Electrophoretic light scattering
Twenty milliliters of 1 % gelatin were solubilized in water at 40°C under continuous stirring. The pH values of the samples were adjusted dropwise with 1 M KOH and 1 M HCl, respectively. Samples were kept stirring until the pH became constant. Afterwards, Zeta potential measurements were preformed with a Zetasizer Nano ZS from Malvern®.
Rheology
Rheological data were collected from a Gemini rheometer (Malvern®). Cone-plate geometry (CP 1°/40 mm) was applied with a gap size of 30 μm. The measurements were performed at 25°C.
Micro-differential scanning calorimetry
Differential scanning calorimetry (DSC) is a widely used method to investigate phenomena of phase transition or to identify different types of water, i.e., bound water, interfacial water, or bulk water. Micro-DSC experiments were carried out with a Setaram μ-DSC 7 in the temperature range between room temperature and −25°C by using a cooling rate fixed at 1°C/min.
Results and discussion
Optical characterization and light microscopy
In the presence of gelatin Freshly prepared emulsions in the presence of gelatin show separation into a bottom aqueous phase and a top turbid layer already 5 min after the mixing process. In the upper level, Janus droplets were identified by means of optical microscopy. After 3 months, a separation into oil and aqueous phase is observed (Fig. 1a) . The two optically clear phases are subdivided by a small turbid intermediate layer. LM micrographs display that the intermediate phase includes completely engulfed Janus drops. These results indicate that gelatin already can form Janus emulsions, but the phase range of the Janus emulsion is limited, and the droplets are not stable for a longer time.
In the presence of chitosan By mixing the two oil components and water in the presence of the polysaccharide chitosan, the whole mixture becomes turbid without optical phase separation. Only after 3 months, one can observe a phase separation into a bottom clear and turbid upper layer with equal volumes. The turbid layer can be assigned to the Janus emulsion, as shown by LM images in Fig. 1 . These experimental findings support chitosan as superior to stabilize Janus droplets in comparison to gelatin.
In the presence of gelatin and chitosan By using a combination of gelatin and chitosan (GC mixture), the stabilization of Janus emulsions was further improved; underlined by the fact that after 3 months, the main volume fraction is still a milky emulsion containing completely engulfed Janus droplets, as illustrated by the micrograph in Fig.  1c . Additional experiments, varying the polymer concentration, show that at higher GC concentrations (≥2.5 wt%) only one turbid phase exists (compare Fig. S2 in the supplementary part) .
To understand the fundamental role of GC composites in the formation of Janus emulsions, the following interfacial tension measurements were performed on the 2.5 wt% GC mixture.
Interfacial tension measurements
Ring method
The Ring method was used to measure the interfacial tension between the aqueous GC mixtures and olive or silicone oil in comparison to our recently published interfacial tension data obtained by adding low molecular surfactants, i.e., Tween 80 and phospholipids [16] . The results summarized in Fig. 2 demonstrate some general trends. Furthermore, there is a significant jump of the interfacial tension between 2 and 2.5 wt% of the gelatin chitosan mixture at the interface between silicone oil and water. This is a hint that a polymer concentration of 2.5 wt% is required for a better stabilization of the silicone oil/water interface. A general conclusion would state that the Ring method can be used only as a screening method to find out some general trends, but due to the broad error range the results from these quasi-static measurements has to be discussed very carefully. Time dependent dynamic measurements seem to be useful to control the accuracy of the γ values obtained. Therefore, additional experiments were made by using the drop profile analysis tensiometry.
-Spinning drop tensiometry
The spinning drop method was already successfully applied in former experiments to study the interfacial tension of olive oil droplets in water [16] . However, this technique is of special relevance to detect very low interfacial tensions (10 −6 mN/m); therefore, it is well-suited to determine the interfacial tension between the two oil components. The measured interfacial tension between the oils is 1 ± 0.2 mN/m. This result clearly implies that one requirement with regard to the interfacial tension is fulfilled [17] for the equilibrium topology of an aqueous Janus emulsion of two oils, olive oil and silicone oil. Similar experiments were performed by means of PAT. Herewith, the dynamic interfacial tension of approximately 1 mN/m was detected which is in agreement with the spinning drop result, but due to the low interfacial tension after 300 s, the drop was lost.
-Drop profile analysis tensiometry
The drop profile analysis tensiometry was used to check the change in interfacial tension over longer time periods of hours. The outcomes with olive oil are shown in Fig. 3. In Fig. 3a , the time-dependent curves at a GC concentration of 0.05 to 2.5 wt% are given, illustrating the interfacial tension decrease with time. However, after 9000 s, a realistic value was observed, which is plotted in the corresponding Fig. 3b . The results show indeed a characteristic decrease of the interfacial tension values with increasing GC content, leveling off at about 1 wt%. The resulting value of γ ≈ 3 mN/m at a GC concentration of 2.5 wt% is significantly lower than the value obtained by using the Ring method. However, the discrepancy is related to the fact that the quasi-static measurements of the Ring method have a broad error range.
In Fig. 3c , the corresponding time-dependent diagram with silicone oil is shown with the curves leveling off at 6000 s. The interfacial tension values shown in Fig. 3d reached a plateau at about 20 mN/m at a GC concentration between 0.5 and 3 wt% GC. One can observe a significant decrease of the interfacial tension from 30 to 20 mN/m by adding the polymer composite, but the value is still significantly higher than that for olive oil. However, a similar trend has also been shown, when adding low molecular surfactants, e.g., Tween 80 or phospholipids [16] . This means that the surface tension decrease is much more drastic at the olive oil/water interface than at the silicone oil/water interface.
Oscillation rheology experiments were performed on the olive oil/aqueous GC interface, at GC concentrations of 0.5, 1.5, and 2.5 wt%. The time-dependent interfacial tension oscillation curves at the frequency of 0.01 Hz are shown in Fig.  4a . Noteworthy, the amplitude is decreased with time only at higher GC concentrations, i.e., ≥2.5 wt%.
The corresponding plot of the elasticity versus time (Fig. 4b) shows an interesting dependence on the GC concentration. At lower GC concentrations, i.e., 0.5 wt%, the elasticity increased with time and reached a maximum at 4000 s before decreasing again. When the GC concentration is increased to 1.5 wt%, the maximum is observed already at 2000 s, but the shape of the curve is similar. At a GC concentration of 2.5 wt%, the elasticity curve is changed drastically. Already at 1500 s, a sharp maximum is observed before the values decrease very fast. It is still an open question how to explain the maximum of the dynamic elasticity that means what happens at the interface. One explanation is that chitosan-gelatin complexes adsorb in a first step at the oil interface. After saturation of the complexes at the oil interface (maximum of the elasticity), a skin-like multilayer is formed in a second step resulting in a more rigid interface. In consequence, the elasticity decreases and becomes constant. At higher GC concentrations, i.e., at ≥2.5 wt%, this process is Fig. 2 Interfacial tensions, measured after 5 min before a skin-like layer is formed, between oil phases and aqueous phases at different GC concentrations given by Ring tensiometry much faster. That means the maximum is observed much earlier and the final elasticity is on a lower level. These experiments explain, why we have observed the most stable Janus emulsions at a GC concentration ≥2.5 wt%. For a more comprehensive interpretation on the molecular level, we have started to investigate the aqueous GC solution in more detail, with special consideration of composites at a higher polymer concentration.
Characterization of the GC mixture
To understand the extraordinary effect of the GC mixture to stabilize Janus emulsions in contrast to the components alone, one has to consider the interactions between chitosan and gelatin in 0.1 M acetic acid in more detail, i.e., in the pH range between 4.2 and 5.4. This pH range is of special relevance for bio-inspired calcium phosphate mineralization processes [22] . It is a wellknown fact that the polycation chitosan has an intrinsic pK a value varying between 6.2 and 7 [27] , in agreement with our potentiometric titration results, detecting the intrinsic acidity constant for chitosan at 6.2 [28] . The isoelectric point (pH iso ) of gelatin strongly depends on the type of sample used varying between 5 and 9 [29] . Zeta potential measurements versus the pH value of the gelatin solution employed show a plateau-like region between +2.5 and −2.5 mV, around the isoelectric point at 7.2. (Fig. S3) .
Taking into account that electrostatic interactions between protein and chitosan occur only at pH values higher than the isoelectric point of the protein, i.e., >7.2, and lower than the pK a value of the chitosan, i.e., <6.2, one can exclude electrostatic interactions between the components in the relevant pH range of our GC mixtures between 4.2 and 5.5. Hence, in the 0.1 mol acetic acid solutions, both polymer components have a positive excess charge. However, this fact does not exclude other forms of interactions. Li et al. have discussed that under similar pH conditions, positively charged chitosan molecules adsorbed to the surfaces of positively charged protein-coated droplets [20, 21] . The authors relate these unexpected results to heterogeneously distributed charge segments and hydrophobic attractions between proteins and chitosan. Polyelectrolyte titration experiments by titrating our gelatin solution with the chitosan solution in the appropriate pH range between 4.2 and 5.4 indicate no electrostatic interactions between the two polymers. It has to be mentioned here that the polyelectrolyte complex formation is entropically driven by the counterion release, which can be experimentally detected by conductometry, as earlier shown by us [30] . However, our conductometric titrations show no indication of the release of counterions. Therefore one can conclude that Coulombic interactions do not play a major role in our gelatin-chitosan mixtures.
To check the role of non-electrostatic interactions, we have performed additional experiments. Micro-calorimetric (μ-DSC) investigations are of relevance to differ between three different types of water, i.e., (i) Free or bulk water with a melting point around 0°C, (ii) Interfacial water with a melting point between −5 and −10°C
(iii) Bound water with a melting point <−10°C
For example, in polymer-modified water-in-oil microemulsions, we have detected two or all three types of water [31, 32] . Lee et al. [33] have observed all three different types of water in hydrogels, and Yin et al. [34] have used DSC measurements to estimate the amount of non-freezing water in comparison to freezing water in gelatin-chitosan polyelectrolyte complex films.
In the μ-DSC cooling curve of the GC solution, two exothermic peaks were found, the first one at about 0°C for bulk water and the second one at −20°C, which can be related to bound or fixed water in the GC complexes, as it was demonstrated in ref. [22] .
Rheological experiments indicate a non-Newtonian flow behavior of the 2.5 wt% aqueous GC mixtures. The shear thinning behavior of the sample is typical for polymer solutions and can be related to a network structure [35, 36] . The chitosan stock solution at 2 5 wt% has a similar viscoelastic behavior, which is characteristic for polymer solutions above the critical overlap concentration. Hysteresis experiments show differences between the chitosan stock solution and the GC solution.
In the presence of chitosan, no hysteresis can be observed in contrast to the GC mixture, where we observe a thixotropic behavior. The thixotropic properties can be related to a more complex network structure. However, the rheological behavior of the composite of gelatin and chitosan can be quite different dependent on the reaction conditions and the molecular structure of the components [37] . Therefore, another method, i.e., electron microscopy, was applied to visualize the network structure. Earlier experiments have shown that cryo-scanning electron microscopy (cryo-SEM) is a useful method to visualize the network structure in hydrogels [38, 39] . Another approach is to characterize the freeze-dried samples in the SEM. SEM micrographs of the freeze-dried samples indeed present a well-structured network after solvent evaporation (Fig. 5) . Based on this outcome, one can conclude that nonelectrostatic complex formation between gelatin and chitosan due to hydrophobic attractions or H-bonding leads to a network structure in aqueous solution. By adding the oil components, an appropriate adsorption of the GC complexes at the water-oil interface becomes plausible, experimentally underlined by our interfacial tension measurements.
Conclusions
By mixing olive oil, silicone oil, and water (0.1 mol acetic acid) in a one-step high-energy mixing procedure in presence of interfacial active biopolymers, i.e., gelatin and chitosan, one can produce completely engulfed Janus emulsions. The best results were observed, when a 2.5 wt% gelatin-chitosan mixture was used. SEM micrographs show that gelatin and chitosan build up a network solution in 0.1 mol acetic acid due to the GC complex formation via non-Coulombic interactions. Interfacial tension measurements by using the drop profile analysis verify that these GC complexes decrease the interfacial tension at the oil/water interface drastically. However, the interfacial tension at the olive oil/water interface (γ ≈ 3 mN/ m) is much lower than at the silicone oil/water interface (γ ≈ 22 mN/m). That means the requirements to form an equilibrium topology by decreasing the interfacial tension <5 mN/m, already theoretically calculated by a numerical analysis [17] , are of minor importance in the presence of polymeric emulsifiers. Oscillation measurements show that dynamic processes at the oil/water interface are much more relevant in presence of the two polymers gelatin and chitosan in comparison to surfactants, like Tween 80 [15] or phospholipids [16] . Fast adsorption processes of the GC complexes in a first step followed by the formation of a polymer skin layer in a second step, only observed at higher polymer concentrations, i.e., ≥2.5 wt%, are the main reason for the unexpected long-time stabilization of spontaneously formed completely engulfed Janus droplets. However, these results were only available by combining different interfacial tension measurements. Noteworthy, oscillation measurements are of special importance to understand the stabilization mechanism in more detail. To the best of our knowledge, this is the first example of a Janus emulsion stabilized by a polymeric interfacial layer in a one-step mixing process. The resulting Janus emulsions are more stable, which offers new fields of application. Our brand new results (manuscript in preparation) show that GC stabilized Janus emulsions can be used as a template phase to incorporate nano-porous calcium phosphate balls (synthesized according to the procedure described in ref. [22] ) or to build up in situ calcium phosphates in an appropriate scaffold material. The advantage of Janus emulsions in this field will be the flexibility in the process of solvent (i.e., oil 1 and oil 2) evaporation to control the pore size of the scaffold network structure. Another interesting field of application will be the food industry. By making GC stabilized Janus emulsions with two edible oil components, synergistic effects can be expected. However, relevant investigations in this field are missing up to now and should be done in the next future. In that case, water-soluble chitosan samples should be used to justify the pH in an appropriate food pH range.
